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We demonstrated that ﬁreﬂy luciferase has a catalytic function of fatty acyl-CoA synthesis [Oba,
Y., Ojika, M. and Inouye, S. (2003) Fireﬂy luciferase is a bifunctional enzyme: ATP-dependent
monooxygenase and a long chain fatty acyl-CoA synthetase. FEBS Lett. 540, 251–254] and proposed
that the evolutionary origin of beetle luciferase is a fatty acyl-CoA synthetase (FACS) in insect. In this
study, we performed the functional conversion of FACS to luciferase by replacing a single amino acid
to serine. This serine residue is conserved in luciferases and possibly interacts with luciferin. The
mutants of FACSs in non-luminous click beetle Agrypnus binodulus (AbLL) and Drosophila melano-
gaster (CG6178) gave luminescence enhancement, suggesting that the serine residue is a key substi-
tution responsible for luminescence activity.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction We also identiﬁed that luciferase homologues isolated from theLuciferase in ﬁreﬂies and luminous click beetles (beetle lucifer-
ase, luciferase) is an adenylate-forming enzyme and produces light
by catalyzing the oxidation of ﬁreﬂy luciferin (beetle luciferin,
luciferin) with molecular oxygen, as shown in the following two
reactions (Eqs. (1) and (2)) [1]:
Luciferinþ ATP¡ Luciferyl-AMPþ PPi ð1Þ
Luciferyl-AMPþ O2 ! Oxyluciferinþ AMPþ CO2 þ Light ð2Þ
It is known that the luminescence reaction of luciferase is enhanced
by addition of coenzyme A (CoA) and this enhancement is explained
by the release of an inhibitory product, dehydroluciferyl adenylate
[2,3].
Previously, we demonstrated that luciferases of ﬁreﬂies Photi-
nus pyralis and Luciola cruciata have the catalytic function of fatty
acyl-CoA synthetase (FACS) (Eqs. (3) and (4)) [4,5]:
Fatty acidþ ATP¡ Fatty acyl-AMPþ PPi ð3Þ
Fatty acyl-AMPþ CoA! Fatty acyl-CoAþ AMP ð4Þchemical Societies. Published by E
-[N-(dehydroluciferyl)-sulfa-
uc, Luciola cruciata luciferase;fruit ﬂy Drosophila melanogaster (CG6178), the Japanese ﬁreﬂy L.
cruciata (LcLL1), and the non-luminous beetle Tenebrio molitor
(TmLL-1, TmLL-2, and TmLL-3) are a FACS [5–8]. Based on these re-
sults, we have been proposing that a luciferase (monooxygenase)
arose from a FACS in insects [7]. Recently, we isolated a homologous
gene of luciferase from non-luminous click beetle, Agrypnus binod-
ulus, and the gene product was named AbLL [9]. AbLL possesses
55% identity in amino acid sequence with the luminous click beetle
luciferases, and presents the highest homology with luciferase
among homologues identiﬁed in non-luminous insects [9]. The re-
combinant proteins of luciferase homologues showed fatty acyl-
CoA synthetic activity, but the luminescent activity was not de-
tected under our assay conditions [6,9].
To study evolutionary origin of luciferase in insect, we focused
on the putative luciferin binding residues of luciferase and per-
formed the functional conversion of FACS to luciferase by site-di-
rect mutagenesis, using AbLL and CG6178.2. Materials and methods
2.1. Materials
All chemicals were obtained from commercial sources: [1-14C]
lauric acid (60.0 mCi/mmol) (GE Healthcare, Wauwatosa, WI);
ﬁreﬂy luciferin sodium salt, CoA trisodium salt, and magnesiumlsevier B.V. All rights reserved.
Table 1
Site-speciﬁc mutagenesis of AbLL and CG6178.
Enzymes Amino acid sequencesa
L. cruciata luciferase 341-GYGLTETTSA-350
P. pyralis luciferase 339-GYGLTETTSA-348
P. melliﬂuus (ventral) luciferase 336-GYGLTESTSA-345
P. termitilluminans luciferase 336-GYGLTESTSA-345
A. binodulus AbLL 337-GYGLTECGLA-346
D. melanogaster CG6178 338-GYGLSESTLS-347
(AbLL mutants)
AbLL-Mt14 337-GYGLTECGSA-346
AbLL-Mt17 337-GYGLTECTSA-346
AbLL-Mt11 337-GYGLTESTSA-346
AbLL-Mt13 337-GYGLTECTLA-346
AbLL-Mt12 337-GYGLTESGLA-346
AbLL-Mt16 337-GYGLTESGSA-346
AbLL-Mt15 337-GYGLTESTLA-346
(CG6178 mutants)
CG6178-L346S 338-GYGLSESTSS-347
a The mutated amino acid residues in AbLL and CG6178 are shown in bold.
Y. Oba et al. / FEBS Letters 583 (2009) 2004–2008 2005chloride hexahydrate (Wako Pure Chemicals, Osaka, Japan); ATP
(Oriental Yeast, Osaka, Japan); lauric acid sodium salt (Tokyo Kasei
Kogyo, Tokyo, Japan); bovine serum albumin (BSA, Fraction V; Sig-
ma–Aldrich, St. Louis, MO).
2.2. Site-directed mutagenesis
Mutant clones were constructed by PCR procedure [10] using
the synthetic primers (Table S1) with the plasmids CG6178 [6]
and AbLL [9] as templates (Fig. 1 and Table 1). To express AbLL,
CG6178, their mutants and L. cruciata luciferase (LcLuc) (GenBank
accession number, AB220162), cDNA was cloned into pET-32
(Merck, Darmstadt, Germany) and the plasmids were transformed
into Escherichia coli BL21 (DE3) pLysS (Promega, Madison, WI).
DNA sequence was conﬁrmed using BigDye terminator kit (Applied
Biosystems, Foster City, CA) with a genetic analyzer ABI Prism 3130
(Applied Biosystems).
2.3. Expression and puriﬁcation
The bacterial strains were grown in 100 ml of Luria–Bertani
broth at 20 C in the presence of 0.2 mM IPTG. After incubation
for 6 h, the cultured cells were harvested by centrifugation, sus-
pended in 5 ml of buffer (50 mM Tris–HCl, 0.4 M NaCl, 30 mM
imidazole, pH 7.8) containing 25 U of Benzonase nuclease (Nova-
gen, Madison, WI), and disrupted by sonication. The supernatant
obtained by centrifugation at 17 500g for 10 min was applied
onto a Ni-chelating Sepharose afﬁnity column (bed volume,
0.6 ml), followed by eluting with 80 ml of a linear gradient of
imidazole (30–300 mM). The eluted protein was concentrated
using Vivaspin 20 (Sartorius Stedim Biotech, Goettingen, Ger-
many). Protein concentration was determined by a Protein Assay
reagent (Bio-Rad, Richmond, CA) with BSA as a standard. SDS–
PAGE was carried out using 10% gel by the method of Laemmli
[11] and the gel was stained with Quick CBB (Wako Pure
Chemicals).
2.4. Luminescence assay
The reaction mixture (100 ll) contained ﬁreﬂy luciferin
(100 lM), ATP (500 lM), CoA (250 lM), MgCl2 (5 mM), and the
puriﬁed enzyme (1 pmol or 20 pmol) in 100 mM Tris–HCl (pH
7.8). The luminescence reaction was initiated by the addition of en-Fig. 1. The seven putative amino acid residues for luciferin binding in beetle luciferases, a
The nodes of phylogram, over 80% bootstrap values, are shown [9]. Bold letters indicatezyme at 25 C. The light intensity was measured for 2 min by a
luminometer Centro LB960 (Berthold, Bad Wildbad, Germany).
2.5. Measurement of luminescence spectrum
The mixture (300 ll) contained ﬁreﬂy luciferin (300 lM), ATP
(5 mM), CoA (250 lM), MgCl2 (5 mM), and the puriﬁed enzyme
(0.1–1 nmol) in 100 mM Tris–HCl (pH 7.8). The luminescence spec-
trum was measured by a ﬂuorescence spectrophotometer FP-
777W (Jasco, Tokyo, Japan) at 22 C with the excitation light source
turned off (emission band width, 20 nm; scan speed, 500 nm/min).
The spectrum data were recorded repeatedly (100 times) and
integrated. The emission spectra obtained were uncorrected.
2.6. Determination of fatty acyl-CoA synthetic activity
Fatty acyl-CoA synthetic activity was determined as previously
described (Fig. S1) [4,9].
2.7. Molecular graphic
The structural model of LcLuc complex with an intermediate
analogue of luciferyl-AMP, 50-O-[N-(dehydroluciferyl)-sulfa-nd their corresponding amino acid residues in fatty acyl-CoA synthetases in insects.
the mutated sites.
2006 Y. Oba et al. / FEBS Letters 583 (2009) 2004–2008moyl]adenosine (DLSA), (PDB code, 2D1S) was displayed using
UCSF Chimera [12]. Potential hydrogen bonds with luciferin were
predicted by Chimera’s FindHBond using default parameter.
3. Results and discussion
3.1. Luminescence activity in AbLL and CG6178
As previously described, we did not detect signiﬁcant lumines-
cence activity using the puriﬁed AbLL (5 pmol) and CG6178
(16 pmol) with 10 lM luciferin under our assay conditions [6,9].
When high concentration of AbLL (20 pmol, >1 lg protein) and
100 lM luciferin was used, we detected very low luminescence
activity (Table 2). Under the same assay conditions, BSA (20 pmol)
did not give detectable luminescence (Table 2). The luminescence
activities of AbLL and CG6178 were completely lost by heat treat-
ment (95 C, 5 min) and were dependent on ATP, Mg2+ and CoA
(Table 2). Thus, this is the ﬁrst demonstration that a FACS in
non-luminous beetle possesses luminescence activity, but with ex-
tremely low catalytic efﬁciency.
3.2. Comparison of the amino acid residues possibly involved in the
luciferin binding
The crystal structure analysis of LcLuc bound with DLSA sug-
gested that the benzothiazole ring of DLSA is in van der Waals con-
tact with the amino acid residues of Phe249, Thr253, Ile288,
Gly341, and Ala350 [13]. The hydroxyl group of Ser349 forms
hydrogen bond with the benzothiazole ring through a water mol-
ecule. The luminescence analyses of mutated P. pyralis luciferases
suggested that Arg218 and Phe247 interacted with luciferin [14].
The seven amino acid residues, possibly involved in the luciferin
binding in luciferases, among luciferases and their homologuesTable 2
Cofactor requirements for luminescent reaction with AbLL, CG6178 and their
mutants.
Reaction conditionsa Luminescence intensity (RLU)b
No enzyme 146 ± 7
BSA 181 ± 4
AbLL-WT
Control 337 ± 4
+Heat (95 C, 5 min) 181 ± 18
–CoA 165 ± 16
–ATP 161 ± 12
–Mg2+ 163 ± 18
AbLL-Mt11
Control 86 626 ± 7714
+Heat (95 C, 5 min) 179 ± 5
–CoA 47 685 ± 4878
–ATP 263 ± 23
–Mg2+ 236 ± 7
CG6178-WT
Control 384 ± 10
+Heat (95 C, 5 min) 127 ± 12
–CoA 166 ± 10
–ATP 147 ± 12
–Mg2+ 209 ± 34
CG6178-L346S
Control 1390 ± 12
+Heat (95 C, 5 min) 151 ± 9
–CoA 869 ± 22
–ATP 131 ± 8
–Mg2+ 200 ± 15
a The amount of protein is 20 pmol per assay and the reaction conditions are
described in Section 2.
b The luminescence intensity shows means ± S.E.M. for integrating in 2 min.are summarized in Fig. 1. By comparison of the seven amino acid
residues in luciferase with AbLL, Leu216 and Leu345 in AbLL are
good candidate for site-speciﬁc mutagenesis (Fig. 1).
3.3. Single point mutation of AbLL
According to our prediction, two AbLL mutants AbLL-L216R
(Mt2) and AbLL-L345S (Mt14) were prepared (Fig. 1). The mutated
protein was expressed in E. coli cells and puriﬁed by Ni-chelating
afﬁnity chromatography, as described in Section 2. The puriﬁed
proteins showed around 75 kDa on SDS–PAGE analysis (Fig. 2A)
and the puriﬁcation yield was approximately 1 mg from bacterial
cells in 100 ml culture medium.
The mutant AbLL-Mt2 did not show luminescence enhance-
ment. On the other hand, AbLL-Mt14 showed luminescence
enhancement (Fig. 2B). This result indicated that a single substitu-
tion to Ser345 in AbLL is crucial for luminescence activity.
3.4. Further enhancement of luminescence intensity by additional
mutations in AbLL-Mt14
The single point mutation of Ser345 in AbLL suggested that the
increase in binding afﬁnity with luciferin enhances the lumines-
cence intensity. In AbLL, the amino acid sequence from 337 to
346 is -Gly-Tyr-Gly-Leu-Thr-Glu-Cys-Gly-Leu-Ala-, and the three
amino acids underlined are different from the corresponding se-
quence in luciferases: -Gly-Tyr-Gly-Leu-Thr-Glu-Ser(Thr)-Thr-Ser-
Ala- (Table 1). Accordingly, we introduced the additional muta-
tions in AbLL-Mt14 at the positions Cys343 and Gly344 to Ser343
and Thr344. Six combination mutants of AbLL, Mt17, Mt11,
Mt13, Mt12, Mt16 and Mt15 were prepared (Table 1). Among
them, the mutants containing Ser345, Mt17, Mt11, and Mt16M(kDa)
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Fig. 2. Puriﬁcation of AbLL mutants and determination of luciferase activity. WT,
wild-type AbLL. (A) SDS–PAGE analysis of puriﬁed AbLL mutant proteins. Approx-
imately 2 lg of recombinant proteins were loaded. Lane ‘‘M” and ‘‘LcLuc” show
molecular marker (Precision Plus proteins dual color standards, Bio-Rad) and
puriﬁed LcLuc, respectively. (B) Luminescence activity of AbLL mutants (20 pmol).
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was detected in AbLL-Mt11 (over 15 times intensity of AbLL-
Mt14) (Fig. 2B). The luminescence activity of AbLL-Mt11 was com-
pletely lost by heat treatment and the reaction was dependent on
ATP and Mg2+ (Table 2), suggesting that the luminescence mecha-
nism of AbLL-Mt11 is identical to that of luciferases. Though the
luminescence intensity of AbLL-Mt11 was still 0.001% of that of
LcLuc (Table 3), our results suggested that the introduction of fur-
ther mutations into a FACS could convert it efﬁciently to a
luciferase.
Based on the crystal structure of LcLuc complex with DLSA, the
luminescence enhancement by AbLL-Mt11 might be explained. In
LcLuc, the hydrogen-bonding network of Met398, Thr347,
Thr348, and Ser349 are formed and the hydroxyl group of Ser349
can interact with luciferin via a water molecule (Fig. 3). It is likely
that AbLL-Mt11, having Ser343, Thr344, and Ser345, has those
hydrogen-bonding network. Thus, the interaction of the hydro-
xyl-group of Ser345 in AbLL mutant to benzothiazole moiety of
luciferin is a key role for functional conversion from a FACS (a com-
mon enzyme found in insects) to a luciferase (a speciﬁc enzyme
only found in luminous beetles).
3.5. Characterization of AbLL mutants
The luminescence patterns between LcLuc and AbLL-Mt11 were
different: LcLuc showed initial ﬂashlight and rapidly decreasing
pattern, but Mt11 showed steady-state pattern. In both enzymes,
the luminescence intensities were stimulated by the addition of
CoA (Fig. 4A). The maxima of emission spectra in various lucifer-
ases were reported at the range from 540 to 570 nm at pH 7.8, ex-
cept for the luciferases derived from the luminous click beetle
Pyrophorus plagiophthalmus (orange type; kmax = 593 nm) [15]
and the phengodid railroad worm Phrixothrix hirtus (kmax =
623 nm) [16]. In AbLL mutants Mt14, Mt17, Mt11, and Mt16, the
kmax of emission spectra were red-shifted around 610 nm
(Fig. 4B, Table S2). Acyl-CoA synthetic activities of AbLL and theTable 3
Comparison of luminescence activity between Luciola cruciata luciferase and AbLL-
Mt11.
Conditionsa Luminescence intensity (RLU)b
No enzyme 182 ± 20
L. cruciata luciferase 1.09  108 ± 3.78  106
AbLL-Mt11 1192 ± 22
a The amount of enzyme is 1 pmol per assay.
b The luminescence intensity shows the integration for 2 min (means ± S.E.M.).
Fig. 3. Hydrogen bonding network (red dashed lines) through Met398, Thr347,
Thr348, Ser349, water molecule, and benzothiazole moiety of DLSA in LcLuc.mutants were measured (Fig. S1). As shown in Fig. 5, a trade-off be-
tween luminescence activity and fatty acyl-CoA synthetic activity
was observed among AbLL combination mutants.
3.6. Single point mutation of another fatty acyl-CoA synthetase,
CG6178, in D. melanogaster
To conﬁrm the critical role of Ser345 in AbLL mutant for the cat-
alytic activity of luminescence, we performed themutation analysis
of another fatty acyl-CoA synthetase, CG6178, in D. melanogasterWavelength (nm)
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Fig. 5. Scatter plot of FACS activity versus luciferase activity in AbLL mutants. Bars
indicate S.E. WT, wild-type AbLL.
2008 Y. Oba et al. / FEBS Letters 583 (2009) 2004–2008(Table 1). The Leu346 in CG6178, corresponding to Leu345 in AbLL,
was mutated to Ser346 and CG6178-L346S was obtained. CG6178-
L346S gave luminescence enhancement, and the luminescence
activity was dependent on ATP, Mg2+, and CoA (Table 2) like a lucif-
erase. These results strongly supported that the serine residue is
crucial for luciferin binding, thus for the divergence to a luciferase
from a FACS in insects, and the conserved serine residue in all ﬁreﬂy
luciferases might be necessary for luminescence activity.
Acknowledgements
The authors thank Professor Makoto Ojika (Nagoya University)
for helpful discussions. This work was supported in part by a
Grant-in-Aid for Scientiﬁc Research from Japan Society for the Pro-
motion of Science.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2009.05.018.
References
[1] Marques, S.M. and Esteves da Silva, J.C.G. (2009) Fireﬂy bioluminescence: a
mechanistic approach of luciferase catalyzed reactions. IUBMB Life 61, 6–17.
[2] Airth, R.L., Rhodes, W.C. and McElroy, W.D. (1958) The function of coenzyme A
in luminescence. Biochim. Biophys. Acta 27, 519–532.
[3] Fraga, H., Fernandes, D., Fontes, R. and Esteves da Silva, J.C.G. (2005) Coenzyme
A affects ﬁreﬂy luciferase luminescence because it acts as a substrate and not
as an allosteric effector. FEBS J. 272, 5206–5216.[4] Oba, Y., Ojika, M. and Inouye, S. (2003) Fireﬂy luciferase is a bifunctional
enzyme: ATP-dependent monooxygenase and a long chain fatty acyl-CoA
synthetase. FEBS Lett. 540, 251–254.
[5] Oba, Y., Sato, M., Ojika, M. and Inouye, S. (2005) Enzymatic and genetic
characterization of ﬁreﬂy luciferase and Drosophila CG6178 as a fatty acyl-CoA
synthetase. Biosci. Biotechnol. Biochem. 69, 819–828.
[6] Oba, Y., Ojika, M. and Inouye, S. (2004) Characterization of CG6178 gene
product with high sequence similarity to ﬁreﬂy luciferase in Drosophila
melanogaster. Gene 329, 137–145.
[7] Oba, Y., Sato, M., Ohta, Y. and Inouye, S. (2006) Identiﬁcation of paralogous
genes of ﬁreﬂy luciferase in the Japanese ﬁreﬂy, Luciola cruciata. Gene 368, 53–
60.
[8] Oba, Y., Sato, M. and Inouye, S. (2006) Cloning and characterization of the
homologous genes of ﬁreﬂy luciferase in the mealworm beetle, Tenebrio
molitor. Insect Mol. Biol. 15, 293–299.
[9] Oba, Y., Iida, K., Ojika, M. and Inouye, S. (2008) Orthologous gene of beetle
luciferase in non-luminous click beetle, Agrypnus binodulus (Elateridae),
encodes a fatty acyl-CoA synthetase. Gene 407, 169–175.
[10] Ho, S.N., Hunt, H.D., Horton, R.M., Pullen, J.K. and Pease, L.R. (1989) Site-
directed mutagenesis by overlap extension using the polymerase chain
reaction. Gene 77, 51–59.
[11] Laemmli, U.K. (1970) Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227, 680–685.
[12] Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, D.M., Meng,
E.C. and Ferrin, T.E. (2004) UCSF Chimera—a visualization system for
exploratory research and analysis. J. Comput. Chem. 25, 1605–1612.
[13] Nakatsu, T., Ichiyama, S., Hiratake, J., Saldanha, A., Kobashi, N., Sakata, K. and
Kato, H. (2006) Structural basis for the spectral difference in luciferase
bioluminescence. Nature 440, 372–376.
[14] Branchini, B.R., Southworth, T.L., Murtiashaw, M.H., Boije, H. and Fleet, S.E.
(2003) A mutagenesis study of the putative luciferin binding site residues of
ﬁreﬂy luciferase. Biochemistry 42, 10429–10436.
[15] Wood, K.V., Lam, Y.A., Seliger, H.H. and McElroy, W.D. (1989) Complementary
DNA coding click beetle luciferases can elicit bioluminescence of different
colors. Science 244, 700–702.
[16] Viviani, V.R. (2002) The origin, diversity, and structure function relationships
of insect luciferases. Cell. Mol. Life Sci. 59, 1833–1850.
